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NANOPAR TTfTT .F.<; 

[0001] The present invention relates to a process for the preparation of a stable 
composition of magnetic nanoparticies in a Uquid and to a process for producing such 
stable compositions. The compositions of the present invention have a variety of end 
uses, but in particular are useful in the production of magnetic recording media. 

BACKGROUND OF THE INVENTION 




[0002] Nanoparticulate material is becoming widely appKed to many areas of 
technology, for example data storage media (W098/22942), biomedical applications such 
as diagnostics and therapeutics (US5491219), bio-detection systems, cytomagnetometry, 

heat transfer media, sealants, damping agents, inks, transduction and pressure sensors 
(WOOl/39217). It is known that such nanoparticies may be encapsulated, at least during 
Iheir synthesis. The encapsulating material may be retained or removed on completion of 
the synthesis of the nanoparticle. 

[0003] A common problem encountered in the art of producing magnetic nanoparticies 
is the tendency of the particles to aggregate, thereby making their application problematic 
(Kumar K 1997, J. Liq. Chromat & Related Tech. 20 (20) pages 3351-3364). IdeaUy, 
once produced, a nanoparticulate composition should have a high degree of stability with 
a low degree of aggregation of the nanoparticies. 

[0004] Whilst it might be ejqjected that one could obtain an enriched composition of 
magnetic nanoparticies by exploiting their magnetic properties, it is commonly found that 
once magnetic nanoparticies are subject to magnetic fractionation they become 
irreversibly aggregated. 

[0005] Various approaches such as sonication, the use of dispersants and the 
modification of surface charge have been employed to try to overcome aggregation 
problems of magnetic nanoparticies (Rittner M, Business Communications Co. Inc. GB- 
201A-C Dec. 2001 Opportunities mNanostructured Materials) often with limited 



success. 



[0006] Previous studies considering the prevention of aggregation of ferritin- 
encapsulated nanoparticles have largely focussed on size-exclusion chromatography and 
gel filtration (Kumar K 1997 ibid; Hainfeld JF, 1992 PNAS 89 pages 1 1064-1 1068) as a 
means to overcome aggregation. The outcome of the methodologies described in these 
reports was not favourable in terms of recovering particles with a low tendency to 
aggregate. 

[0007] We have devised an improved method of producing stable compositions of 
magnetic nanoparticles. In accordance with the invention, a liquid composition 
comprising the encapsulated magnetic nanoparticles (or a liquid composition of the 
encapsulating rnaterial, when the encapsulating material is a proteni template which is 
intended for the formation of the ma^etic nanoparticles) is subjected to a membrane 
filtration step. This improves the stability of the resulting magnetic nanoparticles, in 
particular tiieir resistance to aggregation. Further, a combination of magnetic 
fi^tionation and filtration of magnetic nanoparticles can yield popxilations of highly 
occupied, encapsulated magnetic nanoparticles that do not aggregate for considerable 
periods. A composition of highly occupied magnetic nanoparticles may for example be a 
composition within which the majority of the encapsulating particles contain at least a 
small magnetic nanoparticle. In addition, in such compositions, a firaction of the 
encapsulating particles may be substantially filled by magnetic nanoparticles. 
Alternatively it may be a composition within which a jfraction of the encapsulating 
particles are substantially fiJled by larger magnetic nanoparticles. 

SUMMARY OF THE INVENTION 

[0008] In accordance with a fibrst process aspect of the present invention, there is 
provided a method for making a composition of magnetic nanoparticles which includes 
the step of forming said magnetic nanoparticles each withm a protein template, wherein a 
liquid composition of said protein template or subunits fliereof is subjected to a 
microporous membrane filtration step prior to formation of said magnetic nanoparticles. 
[0009] In accordance with a second process aspect of the present invention, there is 
provided a method for treating a liquid composition of magnetic nanoparticles, each 
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fonned within a macromolecular template, ^^dle^ein said method includes the step of 
subjecting said composition to a microporous membrane filtration step. 
[0010] It has been found that the methods according to the first and second aspects of 
the invention provide highly stable compositions of encapsulated magnetic nanoparticles 
having a high resistance to aggregation. In one embodiment of the invention we have 
been able to generate compositions of magnetic nanoparticles which do not show signs of 
aggregation for at least six months. 

[001 1] In accordance with a third aspect of the present invention, there is provided a 
stable composition of magnetic nanoparticles wherein each nanoparticle is encapsulated 
by an enc^sulating material, wherein at least 70% by weight of the nanoparticles are not 
in an agglomerated form and wherein the composition comprises no more than 30% free 
encapsulating material, based on the total weight of the encapsulating material in the 
composition. In a preferred embodiment of the third aspect of the invention, the 
composition comprises no more than 10% free encapsulating material, based on the total 
weight of the encapsulating material in the composition. Such compositions are 
obtainable in accordance with the process aspects of the present invention. In this aspect 
of the mvention, it is preferred that over 80% by weight of the particles are not 
agglomerated, more preferably at least 90% by weight. The degree to which the particles 
are aggregated can be assessed using Transmission Electron Microscopy (TEM) (Jeol 
2010; http://www.jeoleuro.com) or Atomic Force Microscopy ("Dimension", Digital 
Instruments; www.di.comV 

[0012] By "agglomerated fonn", we mean encapsulated particles which are present in 
clumps of particles and not as discrete particles v^*ich are spatiaUy separated from each 
other in the composition. 

[0013] By "ftee encapsulating material", we mean encapsulating material which does 
not contain a core magnetic nanoparticle, or which may be regarded as substantially 
unmineralised. 



FIGURES 



[0014] Figure 1 shows transmission electron micrographs (JEOL 2010) of the cobalt- 
platinum nanoparticles within apoferritins both (a) before and (b) after magnetic 
sepairatioiL 

DETAILED l^TCSCRTP TION OF TB ^- TNVRNTTQN 

[0015] In each of the first two process aspects of the present invention, the magnetic 
nanoparticles and encapsulating particles comprise part of a liquid compositioiL The 
liquid composition may be regarded as a "solution" in the sense that the components 
thereof are generally regarded as being solubilized, although such solutions can also be 
regarded as colloidal suspensions. The predominant component of the liquid composition 
is preferably water, although a percentage of one or more water-mlscible solvents may 
also be present such as tetrahydrofuran or ethanoL For example tetrahydrofiiran or other 
water miscible solvents may be present in a total amount of up to 50% by weight The 
percentage of water-miscible solvents in the liquid composition is preferably less than 
25% by weight, more preferably less than 1 0% by weight. 

[0016] In each of the two process aspects of the invention, the liquid composition is 
subjected to a membrane filtration step. Membrane filters are well known structures 
which are distinguished fi*om non-membrane filters by the fact that membranes have a 
structure which is monolithic, i.e. the solid structure is permanently bonded forming a 
continuous solid phase. In contrast, non-membrane filters are formed by fibres held in 
place by mechanical entanglement or other surface forces. Membrane filters can be made 
with narrow pore size distribution with very small pores when necessary. The 
microporous membranes used in tiie present invention have pores approxunately in the 
range 0.02-10|mi, preferably less than 1pm and most preferably less than 0.5pm; specific 
examples of pore sizes which may be used in the present invention are pores of 0.2|jm 
and pores of 0. 1 pm. The mioroporous fiilter used m the invention may be made firom 
various materials, including polymers, metals, ceramics, glass and carbon. Typically the 
membrane will be formed of a polymeric material known in the art to be used in 
membrane filtration, such as for example polysulphones, polyethersulphones (PES), 
polyacrylates, polyvinyUdenes, for example polyvinylidene fluoride (PVDF), 



polytetrafluoroetJqrleae (PTFE), ceUulose, ceUulose esters or co-polymers thereof. 
Prefaably MAere.Ihe encapsulatmg material is a protein, the membrane will be selected to 
comprise a lowprotem-binding material such as apolyethersulphone or a polyvinyUdene. 
Such microporous filters are available fix)m"Mmipore Corporation (Bedford, MA). 
[0017] The membrane filter may be a membrane disc, alfliough other forms of 
membrane filters are usable in the present invention. 

[0018] Significantly, we have found tiiat to achieve the production of stable magnetic 
nanoparticle compositions filter pore size can be several orders of magnitude greater than 
that of the nanoparticulate material. For example, in a preferred embodiment of the 
invention the encapsulating material, apoferritin. has an approximate diameter of 12nm. 
We have found that stable preparations of ferritin encapsulated magnetic nanoparticles 
which are resistant to aggregation can be achieved using 0.2^im and O.ljun filters. 
[0019] Normally, the magnetic nanoparticles of the invention will have all of their 
dimensions in the nano size range, typically at least Inm and no greater than lOOnm, 
preferably no greater than 50nm and more preferably no greater than 20nm. Preferred 
magnetic nanoparticles of the invention are substantiaUy spheroidal having a diameter in 
the range 1-1 OOnm. However the present invention also extends to magnetic particles 
which have one dimension which is not within the nanosize range, as for example, the 
particles formed using microtubules which are tubular proteins, formed from ap-tubulins, 
and have an outer diameter of about 25nm and a length of several micrometres. 
[0020] In the first process aspect of the present invention, a liquid composition of the 
protein template or subunits is subjected to a microporous membrane filtration step prior 
to the formation of said magnetic nanoparticles. Thus, in this embodiment, a liquid 
composition of the protein template is first prepared, normally an aqueous solution, 
which is then subjected to the microporous membrane filtration step. In this step, the 
composition is introduced to one side of the filter and filtered through the membrane. In 
this embodiment, the protein in the composition is preferably present at a concentration in 
the range &om 10-50mgAnl. In an embodiment, the pH of the composition is preferably 
in the range firom 5-7. Preferably, the composition is subjected to an appUed positive 
pressure during the filtration step. For example the applied pressure may be greater than 
Ipsi, for instance greater than 5psi. NonnaUy, tiie pressure wiU be less than 20 psi, for 
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instance less than 15 psi. The filtrate, which comprises a composition of the protein 
template (or a subunit thereof) is then recovered, for use in the encapsulation of miagnetic 
nanoparticles in a manner which is known per se (see WO 98/22942). 
[0021] In the second process aspect of the invention, a liquid composition of magnetic 
nanoparticles, each formed within a macromolecular template is subjected to the 
microporous membrane filtration step. In this process aspect of the invention, magnetic 
nanoparticles are first formed within a macromolecular template in a manner which is 
known per se (see for example WO 98>22942). Whilst in this aspect the preferred 
macromolecular template is a protein template, tibds is not essential and other 
macromolecular materials may be used for the formation of the magnetic nanoparticles. 
A composition of the magnetic nanoparticle, preferably an aqueous solution although 
oth«r solvents such as alcohols or alkanes may be used in some embodiments, is then 
subjected to the microporous membrane filtration step. In this filtration, step, as with the 
first process aspect of the invention, the composition is introduced to one side of the filter 
and filtered through the membrane. In this embodiment of the invention, the magnetic 
nanoparticles are preferably present in the composition in a concentration in the range 
firom 0. l-20mg/mL In an embodiment, the pH of the composition is preferably in the 
range j&om 7-8.5. Preferably, the composition is subjected to an applied positive pressure 
during the filtration step. For example the applied pressure may be greater than Ipsi, for 
instance greater than 5psi. Normally, the pressure will be less than 20 psi, for instance 
less than 15 psi. The filtrate, which comprises a composition of the encapsidated 
magnetic nanoparticles is then recovered. 

[0022] The encapsulating noiaterial used in the second process aspect of tibie present 
invention and which encapsulates the magnetic nanoparticle in the tibird (product) aspect 
of the present mvendon should be capable of acconmiodating or at least partially 
accommodating the magnetic nanoparticle, and may therefore comprise a smtable cavity 
capable of containing the particle; such a cavity will normally be fully enclosed within 
the encapsulating material. Alternatively, the encapsulating material may include a 
suitable opening which is not fiiUy surrounded, bxit A?\*ich nevertheless is capable of 
receiving and siq)porting the magnetic particle; for example, the opening may be that 
defined by an annulus in the macromolecule. 



[0023] The encapsulatiBg shell may comprise organic material or inorganic material 
such as siloxanes, silanes or derivatives thereof. The encapsulating material may 
comprise a single particle or a number of particles which act together to accommodate the 
* core magnetic nanoparticle. 

In a preferred embodiment, the encapsulating material may be an organic macromolecule 
by vi^hich we mean a molecule, or assembly of molecules, and may have a molecular 
weight of up ISOOkD, typically less than 500kD. Such organic macromolecular 
molecules may be surfactants, polymers or proteins. Suitable proteins include flagellar 
L-P rings, microtubules vAiich are tubular proteins, formed from aP-tubulins, and have 
an outer diameter of about 25nm and a length of several micrometres, bacteriophages, 
chaperoninins such as the bacterial GroEL and GroES, DPS and viras capsids. For 
example, DPS, is a ferritin homologue, dodecamer DNA protection protein comprising a 
hollow core and pores in the three-fold axis. Flagellar LP rings are ring-shaped structures 
having an inner diameter of approximately! 3nm and outer diameter of approximately 
20nm. They can be induced to pack into well-ordered arrays extending over several 
microns, approximately 13 nm thick. At more dilute concentrations, dimers can form that 
are 26 nm thick. 

[0024] In a highly preferred embodiment, the encapsulating material is a member of the 
ferritin family. The present invention most preferably makes use of the iron storage 
protein, ferritin, whose internal cavity is used to produce nanoscale magnetic particles. 
Ferritin has a molecular weight of 4501dD. Ferritin is utilised in iron metabolism 
throughout living species and its structure is highly conserved among them. It consists of 
24 subunits which self-assemble to provide a hollow shell roughly 12nm in outer 
diameter. It has an 8nm diameter cavity which normally stores 4500 iron(lII) atoms in 
the form of paramagnetic fenihydrite. However, this ferrihydrite can be removed (a 
ferritin devoid of ferrihydrite is termed "apoferritin") and other materials may be 
incorporated. The subimits in ferritin pack tighfly; however there are chaimels into the 
cavity at the 3-fold and 4-fold axes. The presentiy preferred macromolecule for use in 
flie invention is the apoferritin protein, which has a cavity of the order of 8nm in 
diameter. The magnetic nanoparticle to be accommodated within this protein will have a 
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diameter up to about 15nm in diameter, as the protein can stretoh to accommodate a 
larger particle than one 8nm in diameter. 

[0025] Ferritin can be found naturaUy in veartebrates, invertebrates, plants, fimgii yeasts, 
bacteria. It can also be produced synlheticaUy through recombinant techniques. Such 
synthetic forms may be identical to the natural forms, althou^ it is also possible to 
synthesise mutant forms which will still retain the essential characteristic of being able to 
accommodate a particle within their internal cavity. The use of aU such natural and 
qorfhetic forms of feirilin is contemplated withm flie present invention. 
[0026] Ferritin may be converted to apoferritin by dialysis against a buffered sodium 
acetate solution under a nitrogen flow. Reductive chelation using, for example, 
Ifaiogjycolic acid may be used to remove the fetrihydrite core. This may be followed by 
repeated dialysis against a sodium chloride solution to completely remove the reduced 
ferrihydrite core from solution. 

[0027] The description in the preceding paragraphs which pertain to embodiments in 
which the encapsulating material is a protein (or a subunit thereof) are pertinent to the 
first process aspect of the present invention. Thus, suitable proteins for use in the first 
aspect of the present invention include flagellar L-P rings, microtubules which are tubular 
proteins, formed from ap-tubulins, and have an outer diameter of about 25nm and a 
length of several micrometres, bacteriophages, chaperoninins, DPS such as GroEL and 
virus capsids. The preferred protein template material is a member of the ferritin &mily, 
vAiosQ internal cavity is used to produce nanoscale magnetic particles. 
[0028] The magnetic nanoparticles of the present invention, as previously mentioned, 
have a diameter (or largest diameter in fbs case of non-spheroidal particles) not greater 
than lOOmn. Preferably the diameter is not greater than 50mn, more preferably it is 
20nm or less. This dimension is detomined, at least in part by the size of the 
encapsulating material Where the encapsulating material is apoferritin which has a 
cavity of about 8nm in the relaxed state, the core magnetic nanoparticle (that is to say the 
core material excluding the encapsulating material) may have a diameter up to about 
15mn in diameter, as the protein can stretch to accommodate a larger particle than one 
8nm in diameter. 
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[0029] The magnetic core particle may be either ferri- or ferro-magnetic metals such as 
cobalt, iron, or nickel; a metal alloy, rare earfli and transition metal alloy, M-type or 
spinel ferrite. The metal or metal alloy may contain one or more of the following: 
aluminium, barium, bismuth, cerixun, chromium, cobalt, copper, dysprosium, erbium, 
eiiropium, gadolinium, hoLmium, iron, lanthanum, lutetiimi, noianganese, molybdenum, 
neodymium, nickel, niobium, palladium, platinum, praseodynodum, prometfaium, 
samarium, strontium, terbium, thulium, titanium, vanadium, 5rtterbium, and yttrium or a 
mixture thereof. 

[0030] Preferably said nanoparticles comprise a binary alloy or ternary alloy such as 
cobalt-nickel, iron-platinum, cobalt-palladium, iron-palladiiim, samarium-cobalt, 
dysprosium-iron-turbide or neodymium-iron boride, iron-cobalt-platinum, cobalt-nickel 
platinum, or cobalt-nickel-chromium. Preferably, said nanoparticles comprise cobalt or 
platinum or alloys thereof. More preferably still, said nanoparticles comprise an alloy of 
cobalt and platinum. 

[003 1] The magnetic nanoparticles may be prepared by a process in which a solution of 
the encapsulating material such as an organic macromolecule, typically in an aqueous 
medium, is combined with a source of ions of the appropriate metal or metals to comprise 
or consist the core magnetic nanoparticle. In the process of the present invention, it is 
preferred that the source of metal ions be added incrementally to the source of the 
encapsulating material. For example the cation and anion sources may be added in 
sufficient amounts to provide more than 1 atom of the cation and anion sources per 
encapsulating particle per iteration, preferably more than 20 atoms of the cation and 
anion sources per encapsulating particle per iteration. The cation and anion sources may 
be added in sufficient amounts to provide fewer than 200 atoms of the cation and anion 
sources per encapsulating particle per iteration, preferably fewer than 100 atoms of the 
cation and anion sources per encapsulating particle per iteration. In a preferred 
embodiment of tiie invention the cation and anion sources may be added in sufficient 
amoimts to provide about 50 atoms of the cation and anion soiirces per encapsulating 
particle per iteration. These low concentrations may be achieved by successive dilutions 
of solutions containing the cation and anion sources. 



[0032] In one embodiment of flie invention, it is preferred that the source of metal ions 
be a salt of the metal or metals, for example tetrachloroanmioniumplatinate, comprising 
the magnetic nanoparticle. 

[0033] Alternatively, but presently less preferred, the source of metal ions may be 
present in a composition to which a source of organic macromolecule is added 
[0034] The mixture of organic macromolecules and metal ions may be agitated to 
ensure homogenisation. Where the nanoparticle is to comprise the elemental metal, a 
reduction is effected on tiie composition whereby a nanoscale metal particle forms witiiin 
the organic macromolecxile cavity. This reduction prefCTably takes place under an inert 
atmosphere to protect the metal particles from oxidation, which would reduce their 
magnetic properties. The reduction/oxidation step may be repeated between additions of 
metal ions (which may be the same or different in each cycle) to build up the 
nanoparticles. 

[0035] The reaction mixture may be formed at a temperature below the preferred 
temperature at which the magnetic nanoparticles are allowed to form and then raised to 
that temperature. Alternatively, the source of encapsulating material to which the 
source(s) of metal ions is to be added may be held at a temperature of at least 24^C and 
the metal ion source(s) added thereto. 

[0036] Proteins can generally withstand temperatures of up to 70°C before they lose 
their tertiary structure. Thus in embodiments wherein the encapsulating naaterial is a 
protein, tiie temperature of the reaction may range up to about 70°C. For fliese 
embodiments, the reaction temperature is preferably maintained in the range from about 
25**C to about 60**C, more preferably in the range from about 35°C to about 50°C. 
[0037] In one embodiment of the invention, the aqueous medium is maintained at 
alkaline pH during the formation of the magnetic core particles within the 
macromolecular templates. The pH is preferably maintained in the range from 7.5-8.5. 
This may be achieved by the use of a bxiffer solxition. Suitable solutions will vary 
depending on the encapsulating agent used. 

[0038] In one embodiment of the process aspects of the invention, the method further 
includes a magnetic fractionation step of the encapsulated magnetic nanoparticles. This 
involves passing the composition throxigh a retarding medium under gravity or by the 



exertion of a positive press\ire whilst subjecting it to a magnetic field, such that the 
particles within the composition are spatially separated according to their magnetic 
properties; thus providing a means of obtaining a concentrated composition of particles of 
similar magnetic properties. Since the magnetic properties of the magnetic nanoparticles, 
whether encapsulated or not, will be determined by the size of the core magnetic 
nanoparticle, this method also provides a means for obtaining a composition wherein the 
core particles have a hi^ degree of monodispersity Le. the degree to which the size of 
the individual magnetic nanoparticles varies within a composition of the invention is low. 
This variation, measured in terms of the largest nano-sized dimension, should normally 
be less than 20 %, preferably less than 1 0% and most preferably less than 5%. For 
compositions in which the average size is relatively large, e.g. about 50nm, it is preferred 
that the variation is at the lower end of the above ranges, whilst for relatively small 
particles, e.g. about lOnm, the variation may be at flie upper end of the above ranges. 
The sizes of the particles in accordance with the present invention can be measured using 
for example Transmission electron microscopy (TEM). 

[0039] The retarding medium may comprise steel, for example type IV 20L, or another 
suitable soft-magnetic material in the form of a powder, beads or other form known in the 
art. It is preferred that the retarding medium comprise a material which does not react 
chemically with the magnetic nanoparticle composition in such a way as to damage or 
alter its structure, although it may be such that the magnetic nanoparticles have some 
form of attractive interaction during their passage through flie fractionating device. 
[0040] One skilled-in-the-art would appreciate that many means for magnetic 
fractionation are available such as magnetic wire, magnetic powder chromatography and 
field-flow jfractionation techniques. In a preferred embodknent of the invention, the 
composition is passed through columns comprising magnetic powder at flow rates 
ranging from 0.2-lOml/min'^ Magnetic firactionation also provides the advantage of 
enabling the fluid medium in which the nanoparticles are suspended to be exchanged. 
[0041] In the case of the second process aspect of the invention in which tiie formed 
encapsulated magnetic nanoparticles are subjected to a membrane filtration step, this 
filtration step preferably occurs after the magnetic fractionation step. 



[0042] In one embodiment of the invention the encapsulating shell provides a surface 
which can be functionalised for example with biotin/avidin to promote the attachment of 
biological ligands such as antibodies or fragments tiiereof. A variety of ligands such as 
antibodies or derivatives thereof, receptor molecules, opsonins etc. may be attached to the 
surfece of the protein capsiale. Fxjrther, a variety of protocols are available for the 
conjugation ofbinding moieties to the surface of the protein (Wong S. S. 1993 
"Chenustry of protein conjugation and cross-linking" CRC Press) and, in particular, 
biotinylation and avidinylation of ferritin have bem described (Li M. etMl 1999 Chem. 
Mater., 1 1 pages 23-26; Bayer E. A^etMl 1976 J. Histochem. & Cytochem., 24 (8) 
pages 933-939). 

[0043] In an alterative embodiment of the invention the exterior aspect of the shell may 
be functionalised with, for example, a metal binding ligand to enable the medium to be 
used in applications for removing metal contaminants from materials such as waste 
materials. 

[0044] In some embodiments, the encapsulating shell may be removed to leave the 
magnetic nanoparticle without a coating. For example, where the coating is a protein, 
this may be denatured through, for example enzymatic degradation or pH denaturation. In 
particular, the protein may be digested using proteases or denatured by adjusting the pH 
of the composition to a value outside the range at which the protein is stable, for example 
below about pH4.0 or above about pH9.0. The denatured protein material may tiien be 
removed by, for example, dialysis or centrifugation. In a preferred embodiment, the 
protein is denatured by adjusting the pH of the composition to below about 4.0. 
[0045] In other embodiments, the shell may be treated to leave a residue surrounding 
the nanoparticle core, for example the macromolecular shell may be carbonised by 
isolating the encapsulated particles and subjecting them to an elevated temperature, for 
example of the order of 300 °C, before re-suspending them in tiie desired carrier liquid. 
Alternatively, laser pyrolysis may be used if it is desired to carbonise the particles in 
composition. 

[0046] The invention is now illustrated by reference to tiie following non-limiting 
examples: 
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EXAMPLES 

Example 1 Apoferritin production 

[0047] This example illustrates the preparation of apoferritin from horse spleen feiritiiu 
Apoferritin was prepared from cadmium-free native horse ^leen ferritin by dialysis 
(molecular weight cut-off of 10-14 kD) against sodium acetate solution (0.2 M) buffered 
at pH 5.5 under a nitrogen flow with reductive chelation using tiiioglycolic acid (0.3 M) 
to remove the feirihydrite core. This was followed by repeated dialysis against sodium 
chloride solution (0.15 M) to completely remove the reduced ferrihydrite core from 
solutioiL 

Example 2 Synthesis of cobalt/platinum nanoparticles within apoferritins 

[0048] Apoferritin was dispersed in either 0.05M 4-(2-hydro50^ethyl)-l- 
piperazineethane-sulfonic acid (HEPES) buffer, buffered to pH 7.5-8.5 or 0.25M 
AMPSO buffered to pH7-5.8.5. AUquots of O.IM cobalt (U) acetate solution and O.IM 
ammonium tetrachloroplatinate (II) solution were then added and the mixture stirred at a 
temperature between 35 and 50^C, This was followed by reduction using sodium 
borohydride. A number of metal salt additions and subsequent reductions were 
performed to obtain apoferritin in vydiich the cores were substantially occupied by Co/Pt 
crystals. 

Example 3 Synthesis of magnetite particles within apoferritms 

[0049] Apo-ferritin was dispersed in 50mM 3-([l,l-dimethyl-2-hydroxyethyl]amino)- 
2-hydroxypropane sulphonic acid (AMPSO) buffered, adjusted to pH 8.5 and the 
temperature maintained at between 40-70°C. Aliquots jfrom solutions of ammonium iron 
(H) sxilphate (25mM) and trimethylamine-N-oxide (25mM) were added incrementally to 
the apo-ferritin solution. The aliquot of iron QI) added was equivalent to 100 atoms per 
apo-ferritin molecule. The increment interval for the addition of aliquots was 




approximately 15 minutes. Additions were made untU &e apo-feiritin cores were 
substantially occupied by magnetite cores. The solution was then dialysed against water 
and filtered through 0.2um ffljter before concenliating or using-as prepared. 

Example 4 Magnetic separation of magnetic nanoparticles 

[0050] Magnetic separation was performed using glass columns containing steel 
powder columns. Two pennanait magnets comprising neodymium iron botide were 
positioned either side of a section of the column and the magnetic nanoparticulate matter, 
for example the cobalt platinum-apoferritins particles iUustrated in Example 2, were 
passed through the column. The column was subsequently washed with a de-Ierated 
solution of 0.25% (w/v) hydrazine, pH 8.0. The magnets were then removed and the 
separated material emerging from the column was collected. Figure 1 shows " 
Transmission Electron Micrographs (JEOL 2010) of the cobalt-platinum nanoparticles 
within apoferritins both (a) before and (b) after magnetic separation. 

Example 5 Filtration of nanoparticles 

[0051] Suspensionsofapoferritin.suchasthematerialpreparedinExamplel,or 
magnetic nanoparticles, such as the material prepared in Example 2, were subject to 
membrane filtration using MilUpore® polysulphone filter having pore sizes ranging from 
0.2um-0. lum. The eluates were conected and analysed by Transmission Electron 
Microscopy. Micrographs showed more flian 70% of tiie particles in a composition as 
discrete individual particles. 




CLAIMS 

1 . A method for makmg a composition of magnetic nanoparticles which 
includes the step of foradng said magnetic nanoparticles, each within a 
protein template, wherein a liquid composition of said protein 
templates or suhunits thereof is subjected to a microporous membrane 
filtration step prior to formation of said magnetic nanoparticles. 

2. A method in accordance with claim 1 , wherein said protein template is 
selected firom the group comprising flagellar L-P rings, microtubules, 
bacteriophages, chaperonins, virus capsids and members of the ferritin 
family. 

3. A method in accordance witii claim 2, wherem said protein template 
comprises a member of the ferritin family. 

4. A method in accordance with claim 3, wherein said member of the 
ferritin family is selected firom DPS and apoferritin. 

5. A method in accordance with claim 4, wherein said member of the 
ferritin family is apoferritin. 

6. A method in accordance with any preceding claim, wherein said 
magnetic nanoparticles comprise ferri- or ferro-magnetic metals, metal 
alloys, M-type or spinel fenite. 

7. A method in accordance with claim 6, wherein said ferri- or ferro- 
magnetic metal is selected from the group comprising cobalt, iron or 
nickel. 

8. A method in accordance with claim 6, wherein said metal or metal 
alloy is selected from the group comprising aluminium, barium, 
bismuth, cerium, chromium, cobalt, copper, dysprosium, erbium, 
europium, gadolinium, holinium, iron, lanthanum, lutetium, 
manganese, molybdenum, neodymium, nickel, niobium, palladiimi, 
platinum, praseodymiimi, promethium, samarium, strontium, terbixmi, 
thulium, titanium, vanadium, ytterbiimi, and yttrium or a mixture 
thereof. 




9. A method in accordance with claim 6, wherein said alloy is a binary 
alloy or a ternary alloy. 

10. A method in accordance with claim 9, wherein said binary alloy is 
selected from the group comprising cobalt-nickel, ironrplatinimi, 
cobalt-palladium, iron-palladium, samarium-cobalt. 

11. A method in accordance with claim 9, wherein said ternary alloy is 
selected from the group comprising dysprosium-iron-turbide or 
neodymium-iron boride, iron-cobalt-platinum, cobalt-nickel platinum, 
or cobalt-nickel-chromium. 

12» A method in accordance with any preceding claim wherein said 
nanoparticles comprise cobalt or platinum or alloys thereof. 

13. A method in accordance with claim 12 wherein said nanoparticles 
comprise an alloy of cobalt and platinum. 

14. A method in accordance with any preceding claim, wherein said liquid 
composition is an aqueous solution. 

15. A method in accordance with any preceding claim, wherein the pore 
size of the membrane filter is in the range from about 0.02-lO^m. 

16. A method in accordance with any preceding claim, wherein the pore 
size of the membrane filter is less than about 1pm. 

17. A method in accordance with claim 16, wherein the pore size of the 
membrane filter is less than about O.Spm. 

18. A metiiod in accordance wifli claim 17, wherein the pore size of the 
membrane filter is less than about 0.2iLim. 

19. A method in accordance wifli claim 18, wherein the pore size of the 
membrane filter is about 0. 1 pm. 

20. A method in accordance with any preceding claim wherein the 
membrane filter is a disc filter. 

21. A method in accordance with any preceding claim, wherein the 
membrane filter is made from a material selected from the group 
comprising polsoneric materials, metals, ceramics, glass or carbon. 



22. A method in accordance with claim 21, wherein said material 
• comprises a polymer. 

23. A method in accordance with claim 22, wherein said polymer is 
selected from the group comprising polysulphones, 
polyethersulphones (PES), polyacrylates, polyvinylidenes, 
polytetrafluoroethylene CPTE^), cellulose, cellulose esters or co- 
polymers thereof. 

24. A method in accordance with claim 23, Mdierein said polymer is 
polyethersulphone or apolyvinylidene. 

25. A metiiod in accordance with any preceding claim, wherein said 
protein is present in said liquid composition at a concentration in the 
range from about 10-5Qmg/ml. 

26. A method in accordance with any preceding claim, wherein the pH of 
said liquid composition is in the range from about 5.0-7.0. 

27. A method in accordance with any preceding claim, wherein the liquid 
composition is subjected to an applied positive pressure during the 
filtration step. 

28. A method in accordance with any preceding claim, wherein said 
magnetic nanoparticles have a diameter (or largest diameter in the case 
of non-spheroidal particles) not greater than about lOOnm. 

29. A method in accordance wifli claim 28, wherein said magnetic 
nanoparticles have a diameter not greater than about 50nm. 

30. A method in accordance with claim 29, wherein said magnetic 
nanoparticles have a diameter of about 2Qmn or less. 

31. A method in accordance with any preceding claim, wherein said 
magnetic nanoparticles vary in their largest dimension by no more than 
about 20%. 

32. A method in accordance with claim 31, >?y^erein said magnetic 
nanoparticles vary in their largest dimension by no more than about 
10%. 



33. A method in accordance with claim 32, wherein said magnetic 
nanoparticles vary in their largest dimension hy no more than about 
5%. 

34. A method in accordance with any preceding claim, herein the 
formation step of said magnetic nanoparticles includes the incremental 
addition of sources of ions of the metal or metals to comprise or 
consist said magnetic nanoparticles. 

35. A metiiod in accordance with claim 34, \iy^erein said cation and anion 
sources are added in sufiScient amounts to provide 1-200 atoms of the 
cation and anion per encapsulating particle per iteration. 

36. A method in accordance with claim 35, wherein said cation and ainion 
sources are added in sufficient amounts to provide 20-100 atoms of the 
cation and anion per encapsulating particle per iteration. 

37. A method in accordance with claim 36, A^dierein said cation and anion 
. sources are added in sufBcient amounts to provide about 50 atoms of 

the cation and anion per encapsulating particle per iteration. 

38. A method in accordance with any preceding claim, wherein the source 
of the metal ions is a salt of the metal or metals. 

39. A method in accordance with claim 38 wherein said salt is 
tetrachloroammoniumplatinate. 

40. A method in accordance with any preceding claim, wherein the 
formation of said magnetic nanoparticles takes place imder an inert 
atmosphere. 

41 . A method in accordance with any preceding claim, wherein the 
formation of said magnetic nanoparticles takes place at a temperature 
of at least about 24°C. 

42. A method in accordance with claim 4 1 , wherein the formation of said 
magnetic nanoparticles takes place at a temperature in the range from 
about 25**C to about 60**C. 
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43. A method in accordance with claim 42, wherein the fomiation of said 
magnetic nanoparticles takes place at a temperature in the range from 
about 35^C to about 50^C. 

44. A method in accordance with any preceding claim, herein the 
method further comprises a magnetic fractionation step. 

45. A method in accordance with claim 44, wherein said magnetic 
fractionation step comprises passing said liquid composition through a 
column comprising magnetic powder at a flow rate in the range from 
about 0.2-1 Oml/min"^ 

46. A method in accordance with any preceding claim, wherein the 
encapsulating shell is functionalised with a ligand selected firom the 
group comprising biotin, avidin, an antibody or derivative tiiereof, a 
receptor molecule, an opsordn or a metal binding ligand. 

47. A method in accordance with any preceding claim, wherein the 
encapsulating shell is removed or treated. 

48. A method in accordance with claim 47, wherein said encapsulating 
shell is removed by enzymatic degmdation or pH denaturation. 

49. A method in accordance with claim 48, wherein the enzyme used to 
remove the protein is a protease. 

50. A method in accordance with claim 48, wherein the pH denaturation is 
effected by adjusting the pH of the composition to a value below about 
4.0 or above about 9.0. 

51. A method in accordance with claim 47, wherein the encapsulating 
shell is carbonised. 

52. A method for treating a liquid composition of magnetic nanoparticles, 
each formed within a macromolecular template, vsdierein said method 
includes the step of subjecting said composition to a microporous 
membrane filtration step. 

53. A method in accordance with claim 52, wherein said macromolecular 
template comprises organic or inorganic material. 



A method in accordance with claim 53, wherein said inorganic 
material is selected from the group comprising siloxanes, silanes or 
derivatives thereof. 

A method in accordance with claim 53, wherein said organic material 
is an organic macromolecule. 

A method in accordance with claim 55, wherein said organic 
macromolecule is selected from the groxsp comprising surfactants, 
polymers and proteins. 

A method in accordance with claim 56, wherein said protein is 
selected from the groiip comprisitig flagellar L*-P rings, microtubules, 
bacteriophages, chaperominins, virus capsids and mraib^ of the 
ferritin family. 

A method in accordance with claim 57, wherein said protein template 
comprises a member of the ferritin family. 

A method in accordance with claim 58, wherein said member of the 
feiritin family is selected from the group comprising DPS and 
apoferritiiL 

A method in accordance with claim 59, wherein said member of the 
ferritin family is apoferritin. 

A method in accordance with any of claims 52-60, wherein said 
magnetic nanoparticles comprise ferri- or ferro-magnetic metals, metal 
alloys, M-type or spinel fenite. 

A method in accordance with claim 61, wherein said ferri- or ferro- 
magnetic metal is selected from the group comprising cobal^ iron or 
nickel. 

A method in accordance with claim 61, wherein said metal or metal 
alloy is selected from the group comprising aluminium, barium, 
bismuth, cerium, chromium, cobalt, copper, dysprosium, erbiirai, 
europium, gadolinium, holmium, iron, lanthanum, lutetium, 
manganese, molybdenum, neodymium, nickel, niobiimi, palladium, 
pla t inum, praseodymium, promethixmi, samariiam, strontium, terbixmi. 



tilvilium, titaxiium, vanadium, ytterbium, and yttrium or a mixture 
thereof. 

64. A method in accordance with claim 61, wherein said alloy is a binary 
alloy or a ternary ^oy. 

65. A method in accordance with claim 64, whereiu said binary alloy is 
selected &om the group comprising cobalt-nickel, iron-platinum, 
cobalt-palladium, iron-palladium, samarium-cobalt 

66. A method in accordance with claim 64, herein said ternary alloy is 
selected from the group comprising dysprosium-lron-turbide or 
neodymium-iron boride, iron-cobalt-platinum, cobalt-nickel platinum, 
or cobalt-nickel-chromium. 

67. A method in accordance with any of claims 52-66 wherein said 
nanoparticles comprise cobalt or platinum or alloys thereof. 

68. A method in accordance with claim 67 wherein said nanoparticles 
comprise an alloy of cobalt and platinum. 

69. A method in accordance with any of claims 52-69, wherein said liquid 
composition is an aqueous solution- 

70. A method in accordance with any of claims 52-69, wherein the pore 
size of the membrane filter is in the range from about 0.02-1 0pm. 

71. A method in accordance with any of claims 52-70, wherein the pore 
size of the membrane filter is less than about Ifxm. 

72. A method in accordance with claim 71, wherein the pore size of the 
membrane filt^ is less than about 0.5|Am. 

73. A method in accordance with claim 72, wherein the pore size of the 
membrane filter is less than about 0.2^m. 

74. A method in accordance with claim 73, wherein the pore size of the 
membrane filter is about 0. 1pm. 

75. A method in accordance with any of claims 52-74 wherein the 
membrane filter is a disc filter. 
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76. A method in accordance with any of claims 52-75, wherein the 
membrane filter is made from a material selected jBx>m the gro\xp 
comprising polymeric materials, metals, ceramics, glass or carbon. 

77. A method in accordance with claim 76, wherein said material 
comprises a polymer. 

78. A method in accordance with claim 77, wherein said polymer is 
selected fcom the group comprising polysulphqnes, 
polyethersulphones (PES), polyaciylates, polyvinylidenes, 
polytetrafluoroethylene (PTFE), cellulose, cellulose esters or co- 
polymers thereof. 

79. A method in accordance with claim 78, wherein said polymer is 
polyethersulphone or a polyvinylidene. 

80. A method in accordance with any of claims 56-79, wherein said 
protein is present in said composition at a concentration in the range 
from about 0. 1 -20mg/ml. 

81. A method in accordance with any of claims 52-80, vdi^ein the pH of 
the composition is in the range firom 7-8.5. 

82. A method in accordance with any of claims 52-8 1, wherein the 
composition is subjected to an applied positive pressure during the 
filtration step. 

83. A method in accordance with any of claims 52-84, wherein said 
magnetic nanoparticles have a diameter (or largest diameter in the case 
of non-spheroidal particles) not greater than about lOOnm. 

84. A method in accordance with claim 83, \^erein said magnetic 
nanoparticles have a diameter (or largest diameter in the case of non- 
spheroidal particles) not greater than about 50nm. 

85. ' A method in accordance with claim 84, wherein said magnetic 

nanoparticles have a diameter (or largest diameter in the case of non- 
spheroidal particles) of about 20nm or less. 
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86. A method in accordance with any of claims 50-85, v^erein said 
magnetic nanoparticles vaiy in their largest dimension by no more than 
about 20%. 

87. A method in accordance with claim 86, wherein said magnetic 
nanoparticles vary in their largest dimension by no more than about 
10%. 

88. A method in accordance with claim 87, wherein said magnetic 
nanoparticles vary in their largest dimension by no more than about 
5%. 

89. A method in accordance with any of claims 50-88, \s^erein the method 
further comprises a magnetic fractionation step. 

90. A method in accordance with claim 89, vAiesrem said magnetic 
fractionation step comprises passing the composition through a column 
comprising magnetic powder at a flow rate in the range from about 
0.2-lOml/min-^ 

91. A metiiod in accordance with claim 89 or 90, wherein the magnetic 
filtration step is performed prior to the membrane filtration step. 

92. A method in accordance with any of claims 50-9 1, wherein the 
encapsulating shell is ftinctionalised with a ligand selected from the 
groiq> comprising biotin, avidin, an antibody or derivative thereof, a 
receptor molecule, an opsonin or a metal binding ligand. 

93. A method in accordance with any of claims 50-92, \^dierein the 
encapsulating shell is rraioved or treated. 

94. A method in accordance with claim 93, wherein said encapsulating 
shell is removed by enzymatic degradation or pH denaturation. 

95. A metiiod in accordance with claim 94, wherein the en2yme used to 
remove the encapsulating shell is a protease. 

96. A method in accordance with claim 94, wherein the pH denaturation is 
effected by adjusting the pH of the composition to a value below about 
4.0 or above about 9.0. 
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97. A method in accordance with claim 93, wherein the enc^sulating 
shell is carbonised 

98- A stable composition of magnetic nanoparticles A^dierein each 

nanoparticle is encapsulated by an encapsulating material, wherein at 
least 70% by weight of the nanoparticles are not in an agglomerated 
form and wherein the composition comprises no more than 30% j&ee 
encapsulating material, based on the total weight of the encapsulating 
material in the composition. 

99. A composition in accordance with claim 98, wherein at least 80% by 
weight of said nanoparticles are not agglomerated. 

1 00. A composition in accordance with claim 99, wherein at least 90% by 
weight of said nanoparticles are not agglomerated. 

101. A composition in accordance with any of claims 98-100, wherein said 
encapsulating material comprises organic or inorganic material. 

102. A composition in accordance with claim 101, wherein said inorganic 
material is selected from the group comprising siloxanes, silanes or 
derivatives thereof. 

103. A composition in accordance with claim 1 02, wherein said organic 
material comprises an organic macromolecule. 

1 04. A composition in accordance with claim 1 03, wherein said organic 
macromolecule is selected from the group comprising surfactants, 
polymers and proteins. 

1 05. A composition in accordance with claim 1 04, wherein said protein is 
selected from the group comprising flagellar L-P rings, microtubules, 
bacteriophages, chaperominins, virus capsids and members of the 
ferritin family. 

106. A composition in accordance with claim 105, wherein said protein 
encapsulating material comprises a member of the ferritin family. 

107. A composition in accordance with claim 106, wherein said member of 
the ferritin family is DPS or apoferritin. 




108. A composition in accordance with claim 107, wherein said member of 
the ferritin family is apoferritirL 

109. A composition in accordance with any of claims 98-108, wherein said 
magnetic nanoparticles comprise ferri- or ferro-magnetic metals, metal 
alloys, M-lype or spinel ferrite, 

110. A composition in accordance with claim 1 09, wherein said ferri- or 
ferro-magnetic metal is selected from the group comprising cobalt, 
iron or nickel. 

111. A composition in accordance with claim 1 09, v\dierein said metal or 
metal alloy is selected firom the group comprising aluminium, barium, 
bismuth, cerium, chromium, cobalt, copper, dysprosium, erbium, 
europium, gadolinium, holmium, iron, lanthanum, lutetium, 
manganese, molybdenimi, neodymium, nickel, niobium, palladium, 
platinum, praseodymium, prometibium, samarium, strontium, terbium, 
thulium, titanium, vanadiimi, 3^erbiimi, and yttrium or a mixture 
thereof. 

1 12. A composition in accordance with claim 109, wherein said alloy is a 
binary alloy or a temary alloy. 

1 13. A composition in accordance with claim 1 12, wherein said binary 
aUoy is selected from the group comprising cobalt-nickel, iron- 
platinum, cobalt-palladium, iron-palladium, samarium-cobalt. 

114. A composition hi accordance with claim 1 12, wherein said temary 
alloy is selected from the groiip comprising dysprosium-iron-turbide or 
neodymium-iron boride, iron-cobalt-platinum, cobalt-nickel platinum, 
or cobalt-nickel-chroxoium. 

1 15. A composition in accordance with any of claims 98-1 14 wherein said 
nanoparticles comprise cobalt or platinum or alloys tiiereof. 

116. A composition ui accordance with claim 1 15 \A*terein said 
nanoparticles comprise an alloy of cobalt and platinum. 

1 17. A composition in accordance with any of claim 98-1 16, vsdierein said 
composition is a liquid composition. 




118. A composition in accordance with claim 117, wherein said liquid 
composition is an aqueous solution. 

119. A composition in accordance with any of claims 1 1 7 or 1 1 8, wherein 
the pH olf the composition is in the range from aboiit 5.0-7.0. 

120. A composition in accordance with any of claims 98-1 19, \\^erein said 
magnetic nanoparticles have a diameter (or largest diameter in the case 
of non-spheroidal particles) not greater than about lOQnm. 

121. A composition in accordance witii claim 120, wherein said magnetic 
nanoparticles have a diameter not greater than about SOnm. 

122. A composition in accordance with claim 121, wherein said magnetic 
nanoparticles have a diameter of about 20nm or less. 

123. A composition in accordance with any of claims 98-122, v^erein said 
magnetic nanoparticles vary in their largest dimension by no more than 
about 20%. 

124. A composition in accordance with claim 123, wherein said magnetic 
nanoparticles vary in their largest dimension by no more than about 
10%. 

125. A composition in accordance with claim 124, wherein said magnetic 
nanoparticles vaiy in their largest dimension by no more than about 
5%. 

126. A composition in accordance with any of claims 98- 125, wherein the 
encapsulating shell is functionalised with a ligand selected from the 
group comprising biotin, avidin, an antibody or derivative thereof, a 
receptor molecule, an opsonin or a metal binding ligand. 

127. A composition in accordance with any of claims 98-126, wherein the 
encapsulating shell is removed or treated 

128. A composition in accordance with claim 127, wherein said 
encapsulating shell is removed by enzymatic degradation or pH 
denaturation. 

129. A composition in accordance with claim 128, wherein the enzyme 
used to remove the protein is a protease. 
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130. A composition in accordance with claim 128, vdierein the pH 

denaturation is effected by adjusting the pH of the composition to a 
valxie below about 4.0 or above about 9.0. 

13 i • A composition in accordance with claim 130, wherein Ihe 
enc^sulating shell is carbonised. 




ABSTRACT 

A method for making a cx)mposition of magnetic nanoparticles. The method includes the 
step of fonning the magnetic nanoparticles, each within a protein template, wherein a 
liquid composition of said protein templates or subunits thereof is subjected to a 
microporous membrane filtration step prior to formation of said magnetic nanoparticles. 
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